The "kinematic coupling" is a well known device used to achieve highly repeatable positioning of one machine or instrument element relative to another. Normally it consists of 3 precision balls attached to one machine element in a triangular pattern. These balls mate with 3 V-grooves in the surface of the mating element, creating ball/flat point contacts at 6 locations on each body. Friction forces at the contacts limit the repeatability and accuracy of the coupling, and can result in wear over time. This paper describes a novel coupling design where we replace the ball/flat contacts with an intermediate element consisting of a double-sided porous carbon air bearing with one planar surface and one concave spherical surface. These air bearings ride on corresponding surfaces on the two bodies to be mated, thus restricting motion along a single line in space while introducing essentially zero friction in the other directions. With 6 such elements appropriately placed, all 6-DOF of relative motion between the two bodies can be restrained.
INTRODUCTION
The kinematic coupling is well known and widely used to provide highly repeatable positioning of one rigid body relative another. In the common 3-ball and groove coupling, the two bodies contact at six points. (See figure 1) At each of these points, relative motion between the two bodies is restricted along a line perpendicular to the surface of the V-groove. Ideally this contact is frictionless and no other restraint forces are introduced. In practice, friction and wear at these contacts limits the positioning repeatability of these couplings.
The mechanics and performance of kinematic couplings have been studied extensively by Slocum, Culpepper, Hale, Valance, and others [1] [2] [3] [4] . Experimental studies of positioning repeatability over many engagement cycles show a trend of an early "wear-in" period of several hundred cycles during which the relative position of the bodies changes by greater than 5µm. Following this period, the range of positional variation steadies and typically is around 1µm. [1] Culpepper et al. [1] developed an actuated kinematic coupling which allowed the relative positions of the two bodies to be adjusted in 6-DOF over small ranges. However, friction at the contact points did not allow the couplings to be adjusted while mated. Another limitation of traditional kinematic couplings is their relatively low load capacity. All of the applied load must be carried via Hertzian contacts which results in very high stresses and the potential for plastic deformation at the contact point, further reducing the repeatability of the device.
In this paper we describe a novel kinematic coupling where the ball-flat contacts are replaced by double sided porous carbon air bearings designed to restrict relative motion along a single line in space while providing zero friction forces in all other directions. It is known that air bearings operated with small gaps can exhibit stiffness on the same order of magnitude as Hertzian contacts, but are capable of carrying much higher loads, thus giving the air bearing kinematic coupling (ABKC) the potential to carry larger loads than an equivalently sized ball-flat coupling.
In the following sections we will describe the design of the ABKC, model its kinematic behavior, and provide experimental data for coupling repeatability, stiffness, and load capacity. In addition, since no friction forces exist at the restraints and the air gaps can be adjusted by control of the supply pressure, it is possible to adjust the relative position of the coupled bodies over small distances while under load by variation of the supply pressure to individual air bearings. 
DESIGN CONCEPT
The fundamental requirement of each contact in a kinematic coupling is to restrict relative motion along a single line in space while ideally providing no restraint forces in any other direction. To accomplish this with air bearings, we need to allow free rotation about all 3 coordinate directions and free translation in 2 directions. This can be accomplished using 2 porous carbon air bearings mounted back to back. One of the air bearings has a planar surface and rides against a mating planar surface on one of the bodies to be coupled. The other air bearing has a large radius concave spherical surface which mates with a convex surface on the other body of the coupling, allowing rotations about all 3 coordinate axes. When a kinematic coupling is formed in this manner, six dual air bearing elements float between the two mated bodies on a thin air film. We chose to use inexpensive planoconvex glass lens elements with radius of approximately 284 mm and glued to one body to form the convex spherical surfaces for the air bearings to ride on. Standard porous carbon planar air pucks were machined to approximately the same radius as the lens and lapped to final form. Similarly, the planar surfaces that the flat air pucks ride on are ordinary glass disks glued to the opposite body. Since an air film separates these elements from the air pucks during operation, glass is an acceptable choice. Figure 3 shows a photograph of the coupling testbed developed for this study.
The coupling design chosen utilizes 3 mutually perpendicular surfaces on the base and top. Two dual-face air bearings ride on each of these surfaces, providing restraint forces along 6 independent lines in space, and thus fully constraining all 6-DOF of relative motion. Additionally, mounting brackets are provided for 6 capacitance probes on the base. These probes read directly against the inner surface of the top and provide direct measurement of relative motion and positioning repeatability in 6-DOF. The upper platform was machined from a single 5 inch thick aluminum plate and weighed approximately 20 kg.
KINEMATICS
It has long been recognized that the kinematic coupling is kinematically equivalent to the Gough-Stewart platform and many other parallel kinematic devices (PKMs). For this reason, the same analysis methods used to model the instantaneous kinematics of a PKM can be directly applied to the kinematic coupling. Each strut in a PKM, or contact in a kinematic coupling, creates a force along a particular line in space (see Figure 4) . The Plücker line coordinates of each of the lines can be written as:
where: l,m,n are the direction cosines of the line, and p,q,r are the components of the moment of the line about the origin The Jacobian matrix of a PKM relates small changes in the strut lengths to changes in the position and orientation of the platform. The rows of the Jacobian matrix δ x , δ y , δ z are the displacements of a point on the platform which is instantaneously coincident with the origin of the coordinate system in which all of the vectors are expressed (mm), ε x , ε y , ε z are rotations of the platform about the coordinate axes (rad), and ∆ 1 … ∆ 6 are small displacements of the contact point along the line of force (mm).
The cartesian translations and rotations of the platform relative to the base, resulting from small changes in displacements along the contact lines, are obtained using the inverse of the Jacobian. If the device is in a singular position, the inverse Jacobian does not exist, and the systems loses one or more degrees of freedom of restraint of the platform. For the ABKC described here, there are 2 Jacobian matrices of interest, one for the air bearing supports, and one for the capacitance probes to measure relative motions. They are given below, expressed relative to a coordinate system fixed to the center of the top platform, with the Z-axis perpendicular to the top surface and the X and Y axes parallel to the surface. The first 3 columns of the matrices are unitless, and the last 3 columns have dimensions of mm. 
TEST RESULTS
Coupling repeatability tests were performed over multiple engagements of the ABKC with the air bearings pressurized at approximately 80 psi. Shop air was used to pressurize the bearings, and pressure was controlled by an inexpensive Parker mechanical pressure regulator. The coupling process was automated by mounting a pneumatic cylinder atop the base to lift the platform approximately 5 mm, and controlling it via solenoid valves. Since gravity forces will cause the dual-sided air bearings to fall when the platform is lifted, the lower portions of the bearings were first depressurized, followed by application of a vacuum to hold them in place. After the platform was lowered, the vacuum was turned off and the lower portions of the bearings were repressurized. The coupling was allowed to settle for several seconds, and the readings of the 6 capacitance probes were recorded. An electronic pressure gage also recorded the supply air pressure. The entire process was automated using Labview. Figure 4 shows the results of over 1000 consecutive engagement cycles over a 12 hour period. The overlap in the capacitance probe readings makes it impossible to distinguish individual traces, but the total range is less than 200 nm. We have performed similar tests with over 10,000 successive engagement cycles over a period of days with similar results. In these longer tests, the coupling repeatability is dominated by temperature cycling in the laboratory. As expected, the air bearings show no evidence of wear or degradation after extended use.
Close analysis of the probe data shows that the regular small variations in the air supply pressure appear to correlate closely with variations in the capacitance probe readings, suggesting that much of the coupling repeatability is controlled by air pressure variations. Therefore, cap probe readings were plotted against supply pressure for each probe, and showed strong linear trends. Table 1 shows the statistics for the engagements of Figure 4 , corrected to a constant supply pressure using the slope of the best fit line obtained for each cap probe. Additionally, the cap probe Jacobian was used to convert the probe readings into equivalent Cartesian displacements and rotations of a point at the top center of the platform, and these results are also shown in Table 1 .
The load capacity of the ABKC was tested by placing dead weights on it, up to a total load of 115 kg (255 lbs) as shown in Figure 5 . Figure 6 shows the vertical displacement of the platform as a function of applied load with only the top portion of each dual air bearing floating. Vertical stiffness of the coupling varies with load and ranges from approximately 20 N/µm to 100 N/µm.
CONCLUSIONS
A novel kinematic coupling based on air bearing technology has been developed and tested. The positioning repeatability of a point on the top center of the platform, over 1000 successive engagement cycles, was found to vary less than 233 nm, with a standard deviation of 33 nm. The orientation of the top platform varied less than 1.082 µrad, with a standard deviation of 0.184 µrad. The coupling was found capable of supporting loads in excess of 115 kg with vertical stiffness up to 100 N/µm. The repeatability of the ABKC does not degrade over tens of thousands of engagement cycle, surpassing reported data for conventional ball/groove couplings, and is capable of carrying substantially larger loads.
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